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ABSTRACT:  
Poly(3,4-ethylenedioxypyrrole) films on gold substrate were prepared by electropolymerization 
of ethylenedioxypyrrole monomer (EDOP) under potentiodynamic conditions in aqueous 
sodium sulfate solutions. The aim of the work was to characterize the gold | poly(3,4-
ethylenedioxypyrrole) electrodes in aqueous sulfuric acid solutions and to compare the results 
with those of other studies that investigated similar systems. However, the experimental results 
obtained for the PEDOP modified electrodes significantly deviated from the expectations based 
on studies with similar systems. According to the results, two distinct types of polymer films 
were formed depending on the storage history of the monomer solutions. By using “fresh” 
monomer solutions polymer films with nearly ideal capacitive behavior were obtained and 
almost rectangular-shaped cyclic voltammograms could be observed in a rather broad potential 
range. Impedance spectra revealed that the charge transfer resistance between the substrate and 
the film was low. According to the SEM images the polymer layer on the gold substrate was 
relatively smooth with some small and short cracks. In contrast, working with “old” monomer 
solution that was not properly stored, the shapes of the cyclic voltammograms recorded at the 
Au | PEDOP | 0.1 M sulfuric acid (aq.) electrode exhibited two peaks, a reduction peak at about 
-0.2 V vs. SSCE and an oxidation peak close to 0.2 V vs. SSCE, and the charge transfer 
resistances were considerably higher than those estimated for the electrode prepared using 
“fresh” monomer solutions. SEM images showed that the surface of the polymer film was 
extremely rough, with several wrinkles, creases and large cracks. This behavior was quite 
unexpected, because the two types of samples were prepared in the same way and only the 
storage histories of the two commercial monomer solutions were different. 
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1. Introduction  
 
After more than four decades of research in the field of electrochemically active, 
electronically conducting polymeric systems, the preparation, characterization and application 
of such systems are still the research interests of many electrochemists [1,2].  
The interest in these systems is mainly two-fold: first, they have exciting possibilities for a wide 
range of practical applications (e.g. in the fields of electrocatalysis, electroanalysis, energy 
storage, bioelectrochemistry, medical applications, photoelectrochemistry, sensors, electro-
chromic displays, microwave screening and corrosion protection, etc.) second is the intellectual 
curiosity of scientists to understand the electrochemical behavior of the polymers including the 
mechanism of charge transfer and charge transport processes that occur during redox reactions 
of conducting polymeric materials [3,4,5].  
Conductive polymers can be classified into different categories according to the mode of 
charge propagation, which is linked to the chemical structure of the polymer. The two main 
categories are electron-conducting polymers and ion (proton)-conducting polymers [1,6]. 
Sulfonated polystyrene, polyaryl ketone, polyaryl sulfone are examples for the latter type of 
polymers in which the conduction of electricity is due to the transfer of protons. Nevertheless, 
the ionically conducting polymers (polymer electrolytes and polyelectrolytes) may also belong 
to this category. 
The other group, i.e. the electron-conducting polymers can be further classified on the 
basis of mode of electron transport. According to generally accepted theories the transport of 
electrons can be assumed to occur via an electron exchange reaction (electron hopping) between 
neighboring redox sites (in the so called “redox polymers”, examples for this group are 
poly(tetracyanoquinodimethane) (PTCNQ), poly(viologens), some organometallic redox 
polymers, etc.), and by the movement of delocalized electrons through conjugated systems in 
the case of so-called intrinsically conducting polymers (ICPs, e.g. polyaniline, polypyrrole, 
polythiophene, and their derivatives, e.g. poly(3,4-ethylenedioxythiophene) (PEDOT)). Redox 
polymers can be divided into several subclasses. Polymers contain covalently attached redox 
sites, either built into the chain, or as pendant groups; the redox centers are mostly organic or 
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organometallic molecules and ion-exchange polymeric systems (polyelectrolytes) where the 
redox active ions (mostly complex compounds) are held by electrostatic binding. 
In the case of ICPs the motion of delocalized electrons occurs through conjugated systems 
(electron displacement); however, the electron hopping mechanism is likely to be operative as 
well, especially between chains (interchain conduction) and defects. Electrochemical 
transformations usually lead to a reorganization of the bonds of the polymers prepared by 
oxidative or less frequently reductive polymerization of benzoid or nonbenzoid (mostly amines) 
and heterocyclic compounds. In almost every case, the charge is also carried by the movement 
of electroinactive ions during electrolysis; in other words, in electrochemical systems these 
materials (i.e. redox polymers and ICPs) constitute mixed conductors [1]. A simple distinction 
between the intrinsically conducting and redox polymers is that in dry state the ICPs are 
conducting while redox polymers have high electrical resistance [2,3]. This is simply due to the 
fact that redox polymers and ionically conducting polymers need a liquid (water or other 
solvent) which acts as a plasticizer and makes the chain and segmental motions possible. It is 
also known that for intrinsically conducting polymers with high conjugation lengths nearly ideal 
capacitive behavior and “rectangular-shaped” cyclic voltammograms can be observed in a 
rather broad potential range [7]. The shapes of these curves are quite different from the shapes 
of cyclic voltammograms recorded for redox polymer modified electrodes where peaks (one or 
more minima and maxima) related to redox processes can be observed (see Fig.1, in which 
cyclic voltammograms recorded at PEDOT (similar to those published in ref. [8]) and PTCNQ 
modified electrodes [9,10] are shown). 
Poly(3,4-ethylenedioxypyrrole) (PEDOP) belongs to the family of conducting polymers 
with high electronic conductivity, controllable optoelectronic and redox properties. The 
alkylenedioxy substitution pattern serves to enhance the electrochemical, optical, and 
electrochromic properties of the polypyrrole backbone in a manner that is analogous to that 
observed for PEDOT [11]. PEDOP has a fairly low oxidation potential (half wave potential 
(E1/2) of about –0.3 vs. SCE), therefore this polymer is one of the most easily oxidized 
conducting polymers. In addition, PEDOP shows outstanding redox stability upon potential 
cycling [11]. The advantageous properties of PEDOP allow it to be used in a variety of 
applications including solar cells, smart windows, color sensors, biosensors, or other biological 
systems [12,13,14,15,16]. Nevertheless, the scientific literature published on PEDOP 
[17,18,19,20], with special regard to its electrochemical behavior is much less compared to that 
of other conducting polymers [21].  
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Encouraged by the above facts we tried to obtain poly(3,4-ethylenedioxypyrrole) films on 
gold (modified electrodes) for electrochemical experiments by electropolymerization of the 
ethylenedioxypyrrole monomer (EDOP), under potentiodynamic conditions in aqueous sodium 
sulfate solutions. The aim of this work was twofold: (a) to characterize the gold | poly(3,4-
ethylenedioxypyrrole) electrodes in aqueous sulfuric acid solutions (this system is assumed to 
be suitable for specific practical applications) (b) to compare the results with those of other 
studies that investigated similar systems (e.g. polypyrrole films [22]).  
However, the experimental results obtained for the modified electrodes in contact with 
sulfuric acid solutions significantly deviated from those expected based on studies with similar 
system types. The purpose of this short communication is to present the most interesting results 
obtained so far for this systems.  
 
2. Experimental  
 
2.1. Instruments 
A Metrohm Autolab PGSTAT 302N potentiostat (controlled by the Autolab Nova software) 
and a Zahner IM6 electrochemical workstation (controlled by the Thales software package) was 
used in all electrochemical experiments. 
a) b) 
  
Figure 1. Cyclic voltammograms of a Au|Poly(3,4-ethylenedioxythiophene) electrode in contact 
with 0.1 mol·dm−3 aqueous solution of H2SO4, scan rate ν = 50 mV·s−1, E = –0.1 – 0.6 V vs. SSCE 
(a), and a Pt|poly(tetracyanoquinodimethane) electrode in contact with 10 mol·dm−3 aqueous 
solution of LiCl, scan rate ν = 4 mV·s−1, E = –0.6 – 0.3 V vs. SCE (b). 
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A Quanta™ 3D FEG high-resolution dual beam scanning electron microscopy (SEM/FIB) 
instrument was used for SEM analysis.  
 
2.2. Solutions 
Cyclic voltammetry and impedance measurements were carried out in aqueous solutions. 
According to [23] the aqueous medium facilitates EDOP polymerization. For this reason the 
polymerization was performed in aqueous solutions as well. All these solutions were prepared 
using ultra-pure water (specific resistance 18.3 MΩ·cm−1). The solutions were purged with 
oxygen-free argon (Linde 5.0) before use, and an inert gas blanket was maintained throughout 
the experiments. 
 
2.3. Electrodeposition of poly(3,4-ethylenedioxypyrrole) 
Several batches of the EDOP monomer solution was purchased from Sigma-Aldrich (2 % 
(w/v) in THF). Before the preparation of the aqueous solutions the organic solvent (THF) was 
removed by vacuum distillation. 
A portion of the EDOP monomer was used for the preparation of the PEDOP layers 
immediately after the material was received from Sigma-Aldrich, i.e. the aqueous solution used 
for the polymerization process contained 0.01 mol dm−3 “fresh” 3,4-ethylenedioxypyrrole + 0.1 
mol dm−3 Na2SO4 (“solution #1”). 
“Solution #2” was prepared using the EDOP monomer in THF solution six months after its 
arrival. The EDOP solution was kept in the refrigerator at about 4 C until use.  
The Au | poly(3,4-ethylenedioxypyrrole) (Au | PEDOP) films for electrochemical 
experiments were prepared by electropolymerization from 0.01 mol dm−3 3,4-
ethylenedioxypyrrole (Sigma-Aldrich) + 0.1 mol dm−3 Na2SO4 (Fluka) solutions under 
potentiodynamic conditions. The depositions were carried out in a standard three electrode cell 
in which the Au (A = 0.2 cm2) plate in contact with the solution served as the working electrode 
(WE). A gold ring (a circular Au wire) immersed in the same solution served as the counter 
electrode (CE), and a KCl-saturated calomel electrode (SCE) as the reference electrode (RE). 
The PEDOP films were formed on gold plates (scan rate: 10 mV·s−1, 20 polymerization cycles) 
in the range of 0.06–0.60 V vs. SCE. 
Cyclic voltammograms recorded during the electropolymerization of PEDOT films from 
solution#1 and solution #2 are shown in Fig. 2. (The resulting two modified electrodes will be 
referred to as “electrode A” and “electrode B” henceforth in this manuscript.) 
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After electrodeposition of the films, the PEDOP coated gold plates were rinsed with 
deionized water to remove monomer molecules.  
 
2.4. Cyclic voltammetry and impedance measurements 
In the conventional three-electrode cell configuration the PEDOP-modified gold substrate 
in contact with 0.1 mol·dm−3 H2SO4 solution (analytical grade, Merck) was used as the working 
electrode (WE), and a NaCl-saturated calomel electrode (SSCE) as the reference electrode 
(RE). A high surface area cylindrical gold-foil (immersed in the same solution) was arranged 
cylindrically around the working electrode to maintain a uniform electric field and served as 
counter electrode (CE). Cyclic voltammetric curves were recorded in the potential range of ‒
0.5 V to 0.5 V vs. SSCE at different sweep rates (e.g. 10 and 50 mV/s). 
Impedance measurements were performed at 67 discrete frequencies in the frequency range 
of 0.0075 Hz–50 kHz at an amplitude of 5 mV rms. 
 
3. Results and discussion  
 
3.1. Cyclic voltammetry 
Cyclic voltammetric curves recorded at a gold | PEDOP | 0.1 M sulfuric acid (aq) electrode 
prepared from solution #1 (electrode A) at sweep rates of ν=10 and 50 mV s−1 are presented in 
a) b) 
  
Figure 2. Potentiodynamic electropolymerization of PEDOP film on Au plates (geometric surface area 
A = 0.2 cm2) from 0.01 mol·dm−3 EDOP / 0.1 mol·dm−3 Na2SO4 aqueous solution. ν = 10 mV·s−1; 
E = 60 – 600 mV vs. SCE. The number of cycles was 20. a) Solution #1. b) Solution #2. 
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Fig. 3a. In the potential interval −0.5–0.5 V vs. SSCE the PEDOP films are remarkably stable, 
retaining their properties even after several consecutive cyclic voltammetric scans. This finding 
is in good agreement with the results reported by Gaupp et. al. [11], where PEDOP modified 
electrodes were found to have outstanding redox stability upon potential cycling in 0.1 M 
LiClO4 (propylene carbonate) solution. On the other hand, a nearly ideal capacitive behavior 
and almost rectangular-shaped cyclic voltammograms could be observed in the potential range 
of −0.5–0.5 V vs. SSCE. This is not too surprising (although we could not find similar results 
in previous work), when one considers that under identical conditions gold | PEDOT | sulfuric 
acid(aq) electrodes (containing PEDOT films electrodeposited from aqueous solutions) exhibit 
[7,8,24,25] very similar behavior.  
 
In contrary, the shapes of the cyclic voltammograms recorded at the gold | PEDOP | 0.1 M 
sulfuric acid (aq) electrode prepared from solution #2 (electrode B, see Fig. 3b) differs 
considerably from the shapes of the CV-s shown in Fig. 3a. The curves have two peaks, a 
reduction peak at about –0.2 V vs. SSCE and an oxidation peak close to 0.2 V vs. SSCE.  
This behavior was quite unexpected, because the two samples were prepared in the same 
way and only the storage histories of the two commercial monomer solutions were different. 
 
3.2. Impedance measurements and scanning electron microscopy 
a) b) 
  
Figure 3. Cyclic voltammograms of the Au|PEDOP electrodes ( a) electrode A b) electrode B ) recorded 
in 0.1 mol·dm−3 aqueous H2SO4 solutions at different scan rates: (1) ν = 50 mV·s−1; (2) ν = 10 mV·s−1. 
E = –0.5 – 0.5 mV vs. SSCE. The 2. scans are showed. 
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In Figs. 4 and 5 impedance spectra of Au | PEDOP | 0.1 M sulfuric acid electrodes recorded 
at three different electrode potentials (–0.3 V, 0 V and 0.5 V vs. SSCE) are shown.  
The impedance spectra of electrode A revealed that the charge transfer resistance between 
the substrate and the film was quite low (the diameter of the high frequency semicircle in the 
complex plane impedance plot varied between 5 and 20 Ω, depending on the electrode potential, 
see Fig. 4a). According to the SEM images (Figs. 6a and 6b) the polymer layer on the gold 
substrate was relatively smooth with some small and short cracks. This result is in good 
agreement with the finding that aqueous environment facilitates the formation of smooth and 
homogeneous PEDOP films [23]. 
 
a)  
  
b)  
  
Figure 4. Impedance spectra of the Au|PEDOP electrode A in contact with 0.1 mol·dm−3 
H2SO4 aqueous solution at potentials: (1) E = –0.3 V; (2) E = 0.0 V and (3) E = 0.5 V vs. 
SSCE. Small numbers refer to values of the frequency. a) Complex plane plot; b) Bode plots. 
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On the other hand, at the corresponding electrode potentials the charge transfer resistances 
in the case of electrode B appear to be considerably higher than those estimated for electrode 
A. According to Fig. 5a the diameter of the high-frequency arc in the complex plane impedance 
diagram varies between 70 and 700 Ω., since as it can be seen in the SEM images shown in 
Figs. 6c and 6d the surface of the polymer film contacting with the electrolyte solution is 
extremely rough and rugged, with several wrinkles, creases and large cracks, but some filament-
like structures can also be observed.  
What can be the reason of this behavior?  
a)  
 
 
b) 
  
Figure 5. Impedance spectra of the Au|PEDOP electrode B in contact with 0.1 mol·dm−3 
H2SO4 aqueous solution at potentials: (1) E = –0.3 V; (2) E = 0.0 V and (3) E = 0.5 V vs. 
SSCE. Small numbers refer to values of the frequency. a) Complex plane plot; b) Bode plots. 
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The answer does not seem to be simple. Since electrode A and electrode B were prepared 
under identical conditions the observed significant differences in morphology and 
electrochemical behavior can only be attributed to differences in the properties of the monomer 
solutions. Therefore, the solutions used for ﬁlm deposition was investigated with high-
performance liquid chromatography-mass spectrometry (HPLC–MS). In case of solution #1 no 
other peaks than those originating from the solvent and the EDOP monomer could be observed 
in the chromatograms. On the other hand, according to HPLC-MS analyses solution #2 
contained considerable amounts of dimers and oligomers in addition to the monomer and 
solvent molecules. The dimers and oligomers were formed most probably by spontaneous 
dimerization and polymerization during the improper storage of the monomer solution. The 
presence of dimers and oligomers in the solution may strongly influence the polymerization 
mechanism. 
a) b) 
  
c) d) 
  
Figure 6. SEM images of electrode A: a), b) and electrode B: c), d). Secondary electron 
SEM images: a), c) and the corresponding backscattered SEM images: b), d) taken from 
the same area. The length of the horizontal white bar below the images corresponds to 
50 µm. 
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It is known that despite some differences in interpretation of literature results on the 
electropolymerization of monomers and oligomers, there seems to be a general consensus that 
long conjugated oligomers are poorly (if at all) electropolymerizable because of the increased 
stabilization of their extended cation radicals, which prevents further coupling toward the 
formation of polymers [1,26,27,28]. Nevertheless, it has been shown e.g. in [28] that “extending 
oligothiophene length beyond certain limit apparently brings them to an “island of reactivity” 
toward electropolymerization”. On the other hand, the conjugation length of the polymer 
chains, which is a primary indicator of conductivity, may also be influenced by oligomerization. 
It is known that rather short conjugation lengths are usually sufficient for reasonable 
conductivity [29]. Intuitively, conjugation should be important in two respects. First, carrier 
generation upon oxidation or reduction should be facilitated with high conjugation lengths since 
the resulting radical cation or anion will be more highly delocalized. Second, higher conjugation 
lengths ought to facilitate intermolecular charge transport by providing more frequent π-π 
overlap between adjacent backbones. 
Nevertheless, it is clear from our results, that the conjugation length is longer in the case of 
the PEDOP film prepared from “fresh” monomer solution.  
 
4. Conclusions  
 
Unfortunately, with limited experimental data available, no final conclusion regarding the 
reasons for this unusual electrochemical behavior of the PEDOP modified electrodes can be 
drawn at this time, and more experiments will have to be done to gain better understanding of 
the observed phenomena. The above results indicate that the conjugation length increases if the 
time interval between the preparation of the monomer and the electropolymerization 
experiment is shorter. It would be very interesting e.g. to know what happens and which type 
of film is formed when freshly synthetized (and not “freshly purchased”) monomer is used in 
the electropolymerization process. Nevertheless, the synthesis of EDOP seems to be quite 
complicated (8 to 10 steps, see e.g. [30] and references therein). 
The characterization and analysis of polymer modified electrodes presented here could be 
of value in the design and preparation of such electrochemically responsive systems for a range 
of applications requiring a high degree of stability and tunability, including their use as polymer 
matrix in supercapacitors or in composite materials. 
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